The consumption of oxygen, uptake of pyruvate and glucose and production of lactate were determined for groups of bovine embryos produced in vitro from the one-cell to the blastocyst stage (day 0\p=n-\6of culture). Measurements were made in Hepes-buffered synthetic oviduct fluid medium supplemented with 1.0 mmol pyruvate l \ m=-\ 1, 10 mmol d,l-lactate l \m=-\1 and 1.5 mmol glucose l \m=-\1and also 3 mg BSA ml \m=-\1and, from day 5 of development, 10% (v/v) fetal calf serum. The amount of ATP production was determined from oxygen consumption and the proportion of glucose taken up that could be accounted for by lactate production. The data revealed that oxygen consumption was relatively constant from days 0\p=n-\4of culture (0.24\p=n-\0.27 nl per embryo h \ m=-\ 1) , but increased with the initiation of compaction (0.39 nl per embryo h\m=-\1) and continued to increase with the formation and expansion of the blastocoel (0.9 nl per embryo h \m=-\1). Both pyruvate and glucose uptake followed similar patterns. Furthermore, when plotted against oxygen consumption, both pyruvate and glucose uptake increased significantly (P < 0.001) in a linear relationship (R2 = 0.61 and 0.49, respectively). Lactate production also increased with development and accounted for 40% of glucose uptake at day 0 of culture (putative zygotes), increasing to 70% by day 2 (eight-cell stage) and 100% of glucose uptake from day 4 of culture onwards. ATP production followed a similar pattern to that of oxygen consumption (60\p=n-\85 pmol per embryo h \ m=-\ 1 from day 0 to day 4) increasing with compaction (124 pmol per embryo h \ m=-\ 1) and blastulation (221 pmol per embryo h\m=-\1). For precompaction stages, 93\p=n-\96%of ATP production was derived from oxidative phosphorylation, decreasing to 82% with compaction. ATP produced by oxidative phosphorylation could be accounted for by the uptake of pyruvate, suggesting that bovine embryos produced in vitro utilize little endogenous substrates when appropriate exogenous substrates are present in the culture medium. The data revealed that bovine embryos were dependent on oxidative phosphorylation for energy (ATP) production at all stages of pre-elongation development, with perhaps a shift in dependence towards glycolysis in conjunction with compaction. It follows that oxidizable substrates, such as pyruvate and certain amino acids, are preferred in embryo culture medium during development in vitro.
Introduction
Despite the plethora of information on the effect of energy substrates on embryo development, energy production or, more accurately, the rate of ATP production by mammalian embryos during development has received little attention. This has been due mainly to an inability to determine the contribu¬ tion of each potential energy substrate to ATP production. (Newsholme and Leech, 1983) .
Our knowledge of the requirements for bovine embryo development in vitro has increased considerably in recent years. This has been due largely to the development of cell coculturefree and serum-free systems to support embryo development in vitro. Both Rosenkrans et al (1993) (Kim et al, 1993a, b; Matsuyama et al, 1993) . These observations follow closely the pattern of carbohydrate uptake and utilization by bovine embryos during development. Sub¬ strate uptake and utilization by bovine embryos has been examined by Reiger and Guay (1988) , Dorland et al (1991) , Javed and Wright (1991) , Reiger et al (1992) and Waugh and Wales (1993) . Data (Leese, 1991 (Leese, , 1993 Trounson, 1992 Fig. la) , with the exception that compac¬ tion was characterized by a significant (P < 0.05) rise in glucose uptake. When pyruvate uptake was plotted against oxygen consumption (Fig. 2a) , a significant linear increase (P < 0.001) was observed (R = 0.61). The same was the case for glucose uptake and oxygen consumption (P< 0.001, R =0.49; Fig. 2b ).
Lactate and ATP production Lactate production followed a similar pattern to the uptake of other measured carbohydrates, in that concentrations increased with development (P < 0.001), especially after blastulation. Assuming that lactate production reflects glycolytic activity rather than reduction of exogenously derived pyruvate by lactate dehydrogenase (EC. 1.1.1.27), we have calculated the amount of ATP production from the proportion of glucose converted to lactate and the uptake of oxygen (Eqns 1 and 2). As lactate production was not measured for day 5 embryos (late morulae), we assumed approximately 100% of glucose could be accounted for by lactate, on the basis that it was likely to be similar to the proportion observed for both day 4 and day 6 embryos (see Table 1 ). From these assumptions, the rate of ATP production by bovine embryos was relatively constant for day 0 to day 2 embryos (eight-cell stage; Table 1 (Fischer and Bavister, 1993 (Brison and Leese, 1994) , has yet to be determined.
The data presented here demonstrate that oxidation of substrates provides the majority of ATP throughout the development. This supports well the observations that addition of either pyruvate or lactate greatly facilitates development of early bovine embryos (Kim et al, 1993a, b; Matsuyama et al, 1993; Takahashi and First, 1993 (Thompson et al, 1993) . This is further supported by the evidence that glutamine was oxidized by bovine embryos in much the same developmental pattern as pyruvate (Reiger et al, 1992 (Bavister et al, 1992) . The rates of development after culture reported here are similar to those reported elsewhere using these culture techniques (Thompson et al, 1992) . We believe that the technique we have described for measuring oxygen consump¬ tion may be used for the biochemical determination of embryo viability. Consumption of oxygen has already been identified as a possible viability indicator for bovine embryos (Overstrom et al, 1992 
